Genetic exchanges appear to be involved in repair of cross-linked DNA. Kinetics The genetic control of recombination in phages and bacteria has been studied extensively, and substantial progress is being made on biochemical studies of this process (for excellent reviews, see refs. 1-3). Although several plausible models have been proposed, surprisingly little appears to be definite about the detailed biochemistry of how DNA strands from different chromosomes become paired and undergo exchanges and how recombinant structures are resolved. Additionally, little is known about how recombinational events at one locus influence simultaneous or subsequent events at other loci. Genetic evidence, such as interference, suggests that an exchange at a particular locus influences the frequency of events at nearby positions, but the particular order or topography of events remains to be determined.
tion.
Equations relating kinetics for completion of repair, the size distribution of DNA molecules, and ce survival are derived for the above model, using as parameters only rate constants for recombination and decay of substrate, and number of events per chromosome. An excellent correlation is found between experimentally determined and theoretical values. The genetic control of recombination in phages and bacteria has been studied extensively, and substantial progress is being made on biochemical studies of this process (for excellent reviews, see refs. [1] [2] [3] . Although several plausible models have been proposed, surprisingly little appears to be definite about the detailed biochemistry of how DNA strands from different chromosomes become paired and undergo exchanges and how recombinant structures are resolved. Additionally, little is known about how recombinational events at one locus influence simultaneous or subsequent events at other loci. Genetic evidence, such as interference, suggests that an exchange at a particular locus influences the frequency of events at nearby positions, but the particular order or topography of events remains to be determined.
The kinetics for formation of recombinant molecules, measured both biochemically and genetically, should indicate properties of the recombinational process. Previous studies showed that recA-controlled reactions in Escherichua coli are initiated within a few minutes, but that DNA bearing structural features that require recombination for repair may persist in cells for more than an hour (4, 5) . Other measurements indicate that bacteria can complete recombination events, and express
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recombinant genes within 30-60 min (6) (7) (8) . One DNA was labeled and prepared for sedimentation analysis as described previously (9) and in the legend to Fig. 5 . RESULTS Results of experiments described here suggest a model for recombination in E. cohl. The rationale and interpretations of data are facilitated by an initial description of the model and its prediction from theoretical calculations. The remarkable correspondence between calculated and experimental values strongly supports the model and eliminates several alternate possibilities.
We suggest the following model: Recombination events occur singly in E. coli chromosomes. Successive events occur sequentially in a progressive fashion around the chromosome or in clusters comprising about 2-3% of the chromosome. Each event requires a constantolength of time, regardless of the number of previous or subsequent events or of the distance separating their loci on the chromosome. DNA pleted all of up to x = krt events by time t will be given by the sum of terms of the Poisson distribution, j-x e-rnm 1=0 1. Although this equation represents the fraction of cells having completed repair, the probability that these cells are able to form progeny depends additionally on the probability that, during repair, the chromosome remained in a form recoverable by recombination. If repair occurring at rate kr is competing with decay at rate ikd, where i is the number of unrepaired damages, then the probability that the chromosome is reparable until j = kr is
Accordingly, the fraction of cells having completed repair and that are able to form progeny by time t is the sum of the terms of P(x), each multiplied by the latter probability, or
In liquid medium, where cells having repaired all of their damages by time t-a are able to divide with generation time a, the number of colony-forming individuals will be S(x) + S(x -ka). Summing S(x) to j = Xo gives Sm, or the probability that a cell will survive m damages requiring recombination for repair.
Another parameter of interest is the fraction of total DNA that has undergone recombination in a culture. For this, the DNA of each chromosome is considered as containing m discontinuities, such that at t = 0 it can be dissociated at denaturation into segments having an average length of 2/m of the intact genome, as shown at the top of Fig. 1 . During the course of repair, chromosomes are of two types: those that are still undergoing recombination and have already completed X = kr t events per individual; and genomes on which all of j = krt < x recombination events have been completed. Dividing the sum of these two contributions by m will give the fraction of total DNA that has undergone recombination by time t. Thus, F(t) 1r e m+m k it e-mm m j=o j! m1=krt+1 . This expression simplifies, in terms of x, to:
If the above model describes the progress and sequence of events accurately, then kinetics for the rate and completion of recombination, conversion of DNA reactants into products, size distributions of products and reactants; and the survival curve should be consistent with, and predicted by S(x), F(x), and Sm.
The extent of completion of recombination was determined with E. coli KL399 recA200. The recA200 mutation confers RecA+ and RecA-phenotypes at 320 and 42°, respectively (14) .
In repair of cross-linked DNA, recA strains are unable to rejoin DNA strands after cross-link removal and are killed by treatments producing about one cross-link per chromosome (9, 15 From data similar to those in Fig. 2 for m = 0.5-250, and from the sedimentation analysis described later, the best fit to these data by S(x) and F(x) was with kr = 0.43 + 0.07 min-1 and kd = (9 2) X 10-4 min-1. A similar value for kd at 42°was determined directly as described below. The step functions plotted in Fig. 2 (Fig. 3) . For treatments producing between 5 and 20 cross-links, the surviving fraction decreased continually during the initial 10-20 min at 42°and with apparent first-order kinetics thereafter. For 30-90 cross-links, the decay was first order throughout the reaction. A plot of half-times against the inverse number of cross-links was linear with a slope of (14 ± 3) x 10-4 min-1 cross-link-1. Thus, the approximate rate constant for decay per cross-link is kd = (10 ± 2) X 10-4 min-1.
If decay of substrate for recombination is the same under both RecA+ and RecA-conditions, the survival curve should be predicted by the model described. Values of Sm were calculated with kd = 0.001 min-v, as determined for KL399 at 420, and kr = 0.90 1 0.1 minrr or 0.6 + 0.2 mint, as determined for strain AB1157 at 40°and 42°(unpublished data). The theoretical curves for 400 and 420 were within 5 and 15%, respectively, of experimental values (data not shown). This reasonable correlation suggests that survival may be expressed as competition between completion of repair and a simultaneous decay of unrepaired chromosomes.
The nature of DNA reactants and products and the kinetics of their reaction can be followed by sedimentation analysis (unpublished data). Strand rejoining does not occur in recAstrains (9) ; this was confirmed for KL399 at 420. Strand rejoining (Fig. 4) (18, 19) . The- oretical calculations on both models were consistent with sedimentation profiles; the best correspondence with experimental values was found using clusters within regions consisting of 2-4% of the genome.
The extent of strand rejoining as a function of time is shown in Fig. 5 for treatments producing about 52 and 122 cross-links per chromosome. Also shown are fractions of cells able to form colonies when shifted to 420 at times shown. The extent of strand rejoining is shown as the fraction of control DNA that has been restored to high molecular weight strands. These values were determined by considering sedimentation profiles, as shown in Fig. 4 , to be composed of the two size classes of DNA molecules described above. Relative contributions of each were estimated by extrapolating the shape of each component (from control and 20-min samples), and determining the relative areas. As shown, the extent of rejoining increased almost linearly to 0.5 and then approached 1.0. Times required for completion were proportional to the numbers of cross-links induced. Dashed lines were calculated from F(x) with kr = 0.43 + 0.07 mind. kr, determined from strand rejoining data, is based on the initial slope through points in Fig. 5 or the best fit by F(x). As seen with 52 cross-links per chromosome, survival did not reach 50% of the final value even when more than 95% of the DNA had been rejoined. This difference in behavior is contrary to predictions from models for recombination in which all events in a given cell are completed in a time that is short compared to that observed in the entire population. Such a mechanism could produce the bimodal distributions of DNA sizes observed, but predicts that increases in survivals will parallel extents of strand rejoining.
kr is defined in Fig. 1 The genetic control and products of recombination in repair of cross-linked DNA appear to be similar to those of other recombinational processes (refs. [9] [10] [11] and unpublished data). Thus, it seems reasonable that a mechanism such as described above, or parts of it, will apply to recombination after conjugation, transduction, or transformation. Single events could be a result of a unique site for recombination within each cell and, additionally, might reflect steric factors between participants organized in forms such as folded chromosomes (18, 19) . A sequential mechanism could serve in assisting synapsis between domains of folded chromosomes (20, 21) and single exchanges would limit participating DNA duplexes to two. Such features could provide safeguards by reducing errors and possible tangles among products.
recA + controls generalized recombination completely and is believed to act early in the process by mediating synapsis or strand cutting required for initiation of strand exchanges (1, 2). The recA + gene product has been identified as protein X (22) , but its activities mediating recombination remain to be established. It has also been suggested that recA + regulates the synthesis of other gene products involved in repair and recombination (23) . The present study shows that recA + was required continually at each successive site for recombination encountered throughout the repair sequence. These observations do not exclude the possibility of recA in a regulatory role. They show that this product has an additional activity in mediating events separated by time and distance on the genome, and that it is not involved primarily in stabilizing the DNA substrate.
